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We develop a omputational method for evaluating the damping of vibrational modes in mono-
atomi metalli hains suspended between bulk rystals under external strain. The damping is due
to the oupling between the hain and ontat modes and the phonons in the bulk substrates. The
geometry of the atoms forming the ontat is taken into aount. The dynamial matrix is omputed
with density funtional theory in the atomi hain and the ontats using nite atomi displaements,
while an empirial method is employed for the bulk substrate. As a spei example, we present
results for the experimentally realized ase of gold hains in two dierent rystallographi diretions.
The range of the omputed damping rates onrm the estimates obtained by ts to experimental
data [Frederiksen et al., Phys. Rev. B 75, 205413(R)(2007)℄. Our method indiates that an order-
of-magnitude variation in the harmoni damping is possible even for relatively small hanges in the
strain. Suh detailed insight is neessary for a quantitative analysis of damping in metalli atomi
hains, and in explaining the rih phenomenology seen in the experiments.
PACS numbers: 63.22.Gh,68.65.-k,73.40.Jn
I. INTRODUCTION
The ontinuing shrinking of eletroni devies and the
onomitant great interest in moleular eletronis
1
have
underlined the urgeny of a detailed understanding of
transport of eletrons through moleular-sale ontats.
A partiularly important issue onerns the energy ex-
hange between the harge arriers and the moleular
ontat. Thus, the loal Joule heating resulting from the
urrent passing through the ontat, and its impliations
to the strutural stability of suh ontats are presently
under intense investigation
2,3,4,5,6
. Experimentally, loal
heating in moleular ondutors in the presene of the
urrent has been inferred using two-level utuations
7
and Raman spetrosopy
8
.
Mono-atomi hains of metal atoms
9
are
among the simplest possible atomi-sale on-
dutors. The atomi gold hain is probably the
best studied atomi-sized ondutor, and a great
deal of detailed information is available from
experiments
10,11,12,13,14,15,16,17,18,19,20,21,22
, and related
theoretial studies
13,15,18,23,24,25,26,27,28,29,30,31,32,33
. The
urrent indued vibrational exitation and the stability
of atomi metalli hains have been addressed in a few
experiments
34,35,36,37
.
In the ase of a gold hain Agraït et al.
12
reported well-
dened inelasti signals in the urrent-voltage harater-
istis. These signals were seen as a sharp 1% drop of the
ondutane at the on-set of bak-sattering due to vibra-
tional exitation when the voltage equals the vibrational
energy. Espeially for the longer hains (6-7 atoms), the
vibrational signal due to the Alternating Bond-Length
(ABL) mode
28,31
, dominates. This resembles the situa-
tion of an innite hain with a half-lled eletroni band
where only the zone-boundary phonon an bak-satter
eletrons
11
due to momentum onservation.
The inelasti signal gives a diret insight into how the
frequeny of the ABL-mode depends on the strain of the
atomi hain. This frequeny an also be used to infer
the bond strength. The signature of heating of the vi-
brational mode is the non-zero slope of the ondutane
versus voltage beyond the on-set of exitation: with no
heating the urve would be at. Fits to the experiment
on gold hains using a simple model
30
suggest that the
damping of the exitation, as expeted, an be signi-
ant. However, the experiments in general show a vari-
ety of behaviors and it is not easy to infer the extent of
loalization of the ABL vibration or its damping in these
systems
48
.
In order to address the steady-state eetive temper-
ature of the biased atomi gold hain theoretially, it is
neessary to onsider the various damping mehanisms
aeting the loalized vibrations, suh as their oupling
to the vibrations in the ontat, or to the phonons in
the surrounding bulk reservoirs. This is the purpose of
the present paper: we alulate the vibrational modes
in atomi gold hains and their oupling and the re-
sulting damping due to the phonon system in the leads.
We work within the harmoni approximation and employ
rst priniples density funtional theory (DFT) for the
atomi hain and the ontats
38
while a potential model
is used for the fore onstants of the leads
39
.
Experimental TEM studies
20,40
have shown that
atomi hains form in the 〈100〉 and 〈111〉 diretions while
the 〈110〉 diretion gives rise to thiker rods40. Therefore
we fous on hains between two (100)-surfaes or (111)-
surfaes. We onsider hain-lengths of 3-7 atoms and
study the behavior of their vibrations and damping when
the hains are strethed. The TEM mirographs also in-
diate that the hains are suspended between pyramids,
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FIG. 1: Two ways of partitioning the entral part of the hain-
substrate system. [Top℄ The Chain is the part of the system
that only ontains one atom in a plane parallel to the surfae,
and the Base is what onnets the two-dimensional surfae to
the Chain. [Bottom℄ The Pyramid is the Base plus the Chain
atom losest to the Base. The Central Chain is the remaining
part of the Chain after removing one atom at eah end.
so in our alulations we add the smallest possible f-
staked pyramid to link the hain to the given surfaes.
As we shall show below, at low strain the gold hains
have harmonially undamped ABL-modes with frequen-
ies outside the bulk band. The long hains of 6-7 atoms
also have ABL-modes with very low damping at high
strain . Our results indiate that hains between (111)-
surfaes will have a lower damping than hains between
(100)-surfaes. Importantly, we nd that the damping
is an extremely sensitive funtion of the external strain:
an order of magnitude hange may result from minute
hanges in the strain. This may provide a key for under-
standing the rih behavior found in experiments.
The paper is organized as follows. In Set. II we
desribe how the entral quantities, i.e., the dynamial
matrix, the projeted density-of-states, and the damping
rates are alulated. Setion III is devoted to the analy-
sis of the numerial results we have obtained, beginning
with results for the struture of the hains, proeeding to
the dynamial matrix, and onluding with an analysis
of the damping of modes in the systems. Setion IV gives
our nal onlusions, while ertain tehnial details are
presented in three appendies.
II. METHOD
As will beome evident in the forthoming disussion
it is advantageous to use two dierent ways to label the
atoms forming the juntion; these two shemes are illus-
trated in Fig. 1. The rst sheme (Fig. 1 top panel) is
based on the ross-setional area and ollets all atoms
with equilibrium positions on the one-dimensional line
joining the two surfaes into a "Chain", and alls the
remaining atoms between the Chain and the substrate
DFT
EMEM
FIG. 2: Parameters used for alulating the dynamial ma-
trix. Only nearest-neighbor oupling is shown. The oupling
elements labeled 'EM' are found by the empirial model and
the oupling elements labeled 'DFT' by DFT. On-site ele-
ments are determined from the oupling elements (see Se. A)
and are not shown in the gure.
the "Base". The seond sheme (Fig. 1, bottom) dis-
tinguishes between a "Pyramid" and a "Central Chain";
this is hosen beause the last atom of the Chain has
bonds to four or ve atoms making this atom very dif-
ferent from the Central Chain atoms that only have two
bonds per atom.
A quantity of entral importane to all our analysis
is the mass-saled dynamial matrix, K, whih we here
dene as inluding ~,
Kij =
~
2
√
mimj
∂2E
∂ui∂uj
, (1)
where E is the total energy of the system, ui is the oor-
dinate orresponding to the i'th degree of translational
freedom for the atoms of the system. mi is the mass of
the atom that the i'th degree freedom belongs to. K gov-
erns the the evolution of the vibrational system within
the harmoni approximation. In the Fourier domain the
Newton equation of motion reads
Kuλ = ǫ
2
λuλ , (2)
where λ denotes a mode of osillation in the system and
ǫλ is the orresponding quantization energy.
The evaluation of K proeeds as follows. Finite dier-
ene DFT alulations (for details of our implementation,
see App. A) were used for the Chain, the Base and the
oupling between the surfae and the Base while for the
surfaes we used an empirial model due to Tréglia and
Desjonquères
39
. Figure 2 illustrates the domains for the
two dierent methods. The position of the interfae be-
tween the region treated by DFT and the region treated
by the empirial model is a parameter that an be varied,
and the dependene on the nal results of the hoie of
this parameter is analyzed in App. B 2.
The empirial model an be used to desribe the on-
site and oupling elements of atoms in a rystal struture.
The model uses the bulk modulus of gold to t the varia-
tion in the fore onstant with distane between nearest
and next-nearest neighbors. Even though the empirial
model is tted to the bulk modulus, whih is a low fre-
queny property, it still aurately predits the uto of
3the bulk band. The positions of the neighboring atoms
an only have small deviations from perfet rystal po-
sitions (eg. bulk, surfae and ad-atoms). Note that this
model is general enough to give dierent oupling ele-
ments between surfae atoms and bulk atoms. The model
also distinguishes between the oupling between surfae
atoms with or without extra atoms added to the surfae.
The DFT alulations were done with the SIESTA
ode, using the Perdew-Burke-Enzerhof version of
the GGA exhange-orrelation potential with stan-
dard norm-onserving Troullier-Martins pseuodopoten-
tials. We used an SZP basis set with a onning energy of
0.01 Ry. A mesh uto of 150 Ry was used. Relaxation
was done with a fore tolerane of 0.002 eV/Å. These
values were found to have onverged for the same type of
system by Frederiksen et al.
31,32
. The experimental f
bulk lattie onstant of 4.08 Å was used. Only the devie
region was relaxed (dened in Fig. 3).
For the (111) orientations a 4×4 atom surfae unit and
a 2×3 k-point sampling was used, while for the (100)
orientations a 3×3 atom surfae unit ell and a 3×3 k-
point sampling was employed. This ensured a similar and
suient k-point density for both kinds of surfaes (see
App. B 2).
A. Green's funtion for a perturbation on the
surfae
All properties of interest in the present ontext an be
derived from the (retarded) Green's funtion D, dened
by
[(ǫ+ iη)2I−K]D(ǫ) = I ≡MD , (3)
where η = 0+ and we dened the inverse of the Green's
funtion by M = D−1. Speially, we shall need the
Green's funtion projeted onto the region lose to the
Chain. Our proedure is based on a method due to Mingo
et al.
41
whih has previously been tested in an investiga-
tion of nite Si nanowires between Si surfaes. We dene
XY Z as the the blok of the matrix X, where the indies
run over the degrees of freedom in regions Y, Z, respe-
tively, where Y, Z = {1, 2, A,D, L,R}, as dened either
in Fig. 1 or Fig. 3.
First, let us start with two perfet surfaes. We then
add the atoms that onnet these surfaes (the Base and
the Chain). Within a ertain range from the added atoms
the on-site and oupling elements of K will be dierent
from the values for the perfet surfae. Together, the
added atoms and the perturbed atoms dene the devie
region D (Fig. 3, bottom). The oupling between the
devie region and the rest of the surfae (L,R for the
left and right leads, respetively) is assumed to be un-
perturbed.
In order to ompute the Green's funtion projeted on
the devie region, DDD(ǫ), we rst onsider this matrix
Device
Region(D)
Unperturbed
Added(A)
Perturbed(2)
Perturbed(1)
Lead(L) Lead(R)
FIG. 3: Adding atoms to two surfaes. [Top℄ The fores
between surfae atoms within next-nearest neighbor dis-
tane(4.08Å) of the added atoms are perturbed by the pres-
ene of the added atoms. [Bottom℄ The devie region is where
the oupling between the atoms is dierent from the values
for the two unperturbed surfaes. The oupling between the
devie region and the leads is onsidered to be unperturbed.
representation of Eq. (3)
49
:
(
MDD MDα
MαD Mαα
)(
DDD DDα
DαD Dαα
)
=
(
IDD 0Dα
0αD Iαα
)
.
(4)
Here the index α = (L,R), i.e., the left and right unper-
turbed surfae, while D = {1, A, 2}. Using straightfor-
ward matrix manipulations one nds
DDD = [MDD −MDα(Mαα)−1MαD]−1
= [MDD −ΠDD]−1 , (5)
whih denes the self-energy ΠDD =
MDα(Mαα)
−1
MαD. Sine the added atoms do
not ouple to the unperturbed surfaes, and the per-
turbed region 1 ouples only to the right unperturbed
surfae while the perturbed region 2 only ouples to the
left unperturbed surfae, the self-energy ΠDD has the
matrix struture
ΠDD =

M1L(MLL)
−1
ML1 0 0
0 0 0
0 0 M2R(MRR)
−1
MR2

 .
(6)
This objet an be evaluated as follows. First, in the
limit of large regions 1 and 2, the oupling elementsML1
and MR2 must approah those of the unperturbed sur-
fae, M
S
L1 and M
S
R2, respetively. In what follows, we
shall make the approximation that the regions 1 and 2
are hosen so, that this ondition is satised suiently
aurately. Seond, we note that the matrix Mαα is in-
distinguishable from the matrix M
S
αα, as long as the in-
volved atoms are outside the perturbed regions 1 or 2.
4Therefore, we an write
M1L(MLL)
−1
ML1 ≃ MS1L(MSLL)−1MSL1 ≡ ΠS11
M2R(MRR)
−1
MR2 ≃ MS2R(MSRR)−1MSR2 ≡ ΠS22,
(7)
where the auray inreases with inreasing size of re-
gions 1 and 2. On the other hand, using the denition of
the self-energy, we an write
Π
S
11 = M
S
11 − (DS11)−1
Π
S
22 = M
S
22 − (DS22)−1, (8)
where D
S
ii, i = 1, 2 is the projetion of the unperturbed
Green's funtions onto the atoms in regions 1,2, respe-
tively. This objet is evaluated by exploiting the period-
iity in the ideal surfae plane. The Fourier transform
of M
S
in the parallel diretions has a tridiagonal blok
struture and we an solve for its inverse very eetively
using reursive tehniques (see e.g. Sanho et al.
42
). Of
ourse we still have to evaluate the Fourier transform for
a large number of k-points. The density of k-points as
well as the size of the innitesimal η are onvergene pa-
rameters whih determine the auray and ost of the
omputation. An analysis of the hoie of these parame-
ters is given in App. B 2.
To sum up, the alulation is preformed in the follow-
ing steps: (i) Start with perfet leads and speify the de-
vie in between them. (ii) The atoms in the leads where
K is perturbed by the presene of the devie are identi-
ed. (iii) The unperturbed surfae Green's funtion D
S
is found via k-point sampling and then used to onstrut
the self-energy, Eqs.(78). (iv) The perturbed Green's
funtion is then found using this self-energy via Eqs.(5
6).
B. Modes and life-times
For any nite system the eigenvalues ǫ2λ and thereby
also the density of states are found straightforwardly. For
innite systems we use that eah eigenvetor, uλ, with
the orresponding eigenvalue, ǫλ gives a ontribution to
the imaginary part of the Green's funtion in the ǫλ ≫ η
limit
u†λImD(ǫ)uλ ≈ −
1
2ǫλ
1
(ǫ − ǫλ)2 + η2 .
This expression results in the following density of states
n(ǫ) = −2ǫ
π
lim
η→0+
ImD(ǫ). (9)
The broadened vibrational modes of the devie region
an eah be assoiated with a nite life-time. To do this
we need to have a denition of an approximate vibra-
tional mode of the entral part of the system that evolves
into an eigenmode of K when the oupling to the leads
tends to zero. We dene 'modes' as the vetors that for
some energy, ǫ∗, orrespond to a zero eigenvalue mode of
ReDDD(ǫ
∗) (see Se. C for details).
We also need to dene a few harateristis of a mode.
The Green's funtion projeted onto a mode an be ap-
proximated by a broadened free phonon propagator with
onstants ǫλ and γλ in a neighborhood of the mode peak
energy,
u†λDDD(ǫ)uλ =
1
(ǫ+ iγλ)2 − ǫ2λ
=
1
ǫ2 − (ǫ2λ + γ2λ) + i2ǫγλ
.
The time-dependent version of the Green's funtion is an
exponentially damped sinusoidal osillation with damp-
ing rate of
γλ
~
, mean life-time, τλ =
~
γλ
, and Q-fator,
Qλ =
ǫλ
2γλ
. Comparing the broadened phonon propaga-
tor to Eq. (5) we see that u†λImΠ(ǫ)uλ = −2ǫγλ, leading
to
γλ = −u
†
λImΠ(ǫ
∗)uλ
2ǫ∗
,
where ǫ∗ is the the mode peak energy.
This alulation of γλ, Qλ and τλ only stritly makes
sense for peaks with a Lorentzian line shape. This re-
quires that u†λImDDD(ǫ)uλ is approximately onstant
aross the peak whih is the ase for modes with small
broadening and large life-time. Nevertheless, we will also
use these denitions for the deloalized modes sine the
alulated values are still a measure of interation with
the leads.
We also dene a measure of spatial loalization, sλ,
sλ =
∑
x∈C |(uλ)x|2∑
x∈D\C |(uλ)x|2
ND −NC
NC
,
where ND and NC are the number of atoms in the devie
and entral hain region respetively and D\C means
Devie region exept the Central Chain (the perturbed
reigion). This quantity is useful to pik out modes with
a large amplitude in the Central Chain region only. We
have that sλ = 1 signies equal amplitude in C and on-
neting atoms, while the limit sλ →∞ (sλ → 0) signies
a mode whih is ompletely residing inside(outside) the
Chain.
It should be stressed that the mode properties alu-
lated in this way only refer to the harmoni damping
by the leads and that other soures of damping are not
inluded suh as eletron-hole pair reation and anhar-
moniity. The damping due to eletron-hole pair re-
ation, obtained by an ab-initio alulation on a seletion
of gold hains, is about 50 − 80 µeV for the vibrational
mode with the strongest oupling to eletrons
30,31
. This
type of damping is less dependent on strain in gold hains
due to stable eletroni struture as evidened by the
5robust eletroni ondutane of one ondutane quan-
tum. The harmoni damping due to the leads is typially
higher than this, but as we shall see it an atually drop
well below this value and thus be less than the eletron-
hole pair damping.
In ase of an applied bias the high frequeny modes
may be exited to a high oupation. The reation of
vibrational quanta is roughly proportional to eV − ~ωλ,
while the damping mehanisms are not expeted to have
a strong dependene of the bias. Therefore, as the bias
is inreased beyond the phonon energy threshold, the
mode oupation will rise and anharmoni interations
may beome inreasingly important even for low tem-
peratures. Mingo
43
has studied anharmoni eets on
heat-ondution in a model atomi ontat, and more
reently Wang and o-workerset al.
44
has used ab-initio
alulations to aess the eet of anhamoniity on heat-
ondution in arbon-based systems. Anharmoni eets
are, however, outside the sope of the present work.
III. RESULTS
A. Geometrial Struture and the Dynamial
Matrix
In this subsetion we investigate the geometrial stru-
ture of the hains and the behavior of the dynamial ma-
trix. For eah type of alulation (identied by the num-
ber of atoms in the Chain, the surfae orientation and
the type of Base) a range of alulations were set up with
the two surfaes at dierent separations, Li (i = 1, 2...),
with the separations inremented in equally spaed steps.
Trial-and-error was used to determine suitable step sizes
for the dierent types of alulations.
To be able to ompare hains of dierent lengths and
between dierent surfaes we dene the average bond
length, B = 〈bj〉, as the average length between neigh-
boring atoms within the Chain, where j runs over the
number of bonds in the Chain (see Fig. 4). B is useful
beause it is losely related to the experimentally mea-
surable fore
14
on the Chain and an be found without
interpolation. The lose relationship between B and the
fore is demonstrated in Fig. 5 where the fore is alu-
lated as the slope of a least-squares t of
[(Ei−1, Li−1), (Ei, Li), (Ei+1, Li+1)]
where E is the total energy. We note that the fore vs.
B urves to a good approximation follows a straight line
with a slope of k = 2.5 eV/Å
2
, whih an be interpreted
as the spring onstant of the bonds in the Chain. In
addition to B we also dene the average bond angle T =
〈θj〉.
The behavior of the systems with respet to B is rel-
atively simple. As the systems are strained it is mostly
the bonds in the hain that are enlongated. Finally the
entral bond(s) beome so weak that they break. At
q1
b1
b2 b3
b4
q2
q3
FIG. 4: Distanes and angles used to dene the average bond
length, B = 〈bj〉, and the average bond angle, T = 〈θj〉,
respetively
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FIG. 5: (olor online) Fore as funtion of average bond
length, T = 〈θj〉.
low B we see from Fig. 6 that the longer hains adopt
a zig-zag onrmation at low average bond length. The
3- and 4-atom hains, however, remain linear within the
investigated range. Furthermore, the longer hains have
a similar variation in the average bond angle.
These preliminary observations are in agreement with
previous theoretial studies by Frederiksen et al.
31
and
Sánhez-Portal et al.
45
. We reount these observations
beause we nd that using B as a parameter provides a
helpful way to ompare hain of dierent lengthts and be-
ause the alulations in this paper are the most aurate
to date
50
.
To shed light on the eet of straining the hains, we
next investigate the energies that are related to dier-
ent types of movement by analyzing the eigenmodes and
eigenvalues of seleted bloks of K. Espeially, we an
onsider the loal motion of individual atoms or groups
of atoms, freezing all other degrees of freedom, by pik-
ing the orresponding parts of K. For a single atom this
amounts to the on-site 3 × 3 bloks. The square root
of the positive eigenvalues of the redued matrix, whih
we all loal energies, give the approximate energy of a
solution to the full K that has a large overlap with the
orresponding eigenmode, if the oupling to the rest of
the dynamial matrix is low. The negative eigenvalues
of a blok are ignored sine they orrespond to motion
that is only stabilized by degrees of freedom outside the
blok.
The behavior of the dynamial matrix in terms of lo-
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FIG. 6: (olor online) Average bond angle as a funtion of
the average bond length. The long hains adopt a zig-zag
struture at low B while the short hains remain linear.
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FIG. 7: (olor online) Loal energies of a 4 atom hain be-
tween two (100)-surfaes at dierent strains. The largest
eigenvalues are onneted by a line to guide the eye.
al energies, is relatively straightforward, as illustrated in
Fig. 7. When the bonds are strained they are also weak-
ened. In the Central Chain the loal energies are quikly
redued with inreased strain (≈ 65% derease) while
the dynamial matrix of the surfaes is hardly aeted.
The Base and the rst atom of the Chain fall in between
these two extremes with a 20% and 40% derease, respe-
tively. The middle bonds in the Central Chain are the
ones that are strained and weakened the most when the
surfaes are moved apart. It is also where the hain is
expeted to break
46
. Most interestingly, we note that at
least one jump in the on-site loal energies our when
moving from the Surfae to the Central Chain.
In Fig. 8 we see how motion parallel to the hain is at
higher energies than perpendiular motion, and that the
LO type motion of the ABL modes has the highest en-
ergy. We also see that the loal energies of the ABL/LO
type motion moves past the loal energies of the Pyra-
mid as the strain is inreased. In this way the ABL/LO
modes an in some sense at as a probe of the ontats.
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FIG. 8: Loal energies for seleted bloks of K (Pyra-
mid/Central Chain) plotted vs. the average bond length in
the 4 atom hain. Sine the entral hain in this ase onsists
of 2 atoms we an lassify the eigenvetors as LO: longitudi-
nal optial, LA: longitudinal aousti, TO: transverse optial
(doubly degenerate) or TA: transverse aousti (doubly de-
generate).
B. Mode life-times and Q-fators
We next investigate the modes of the nite hain sys-
tems. An example is given in Fig. 9 whih depits the
projeted DOS for a hain with 4 atoms at an intermedi-
ate strain. Notie the large variation in the width of the
peaks. The peaks with a low width orrespond to modes
that have the largest amplitude in the Chain, while the
peaks with a large width orrespond to modes with large
amplitude on the Base and Surfae. Sine this type of
system has no natural boundary between 'devie' and
'leads' we will have large variation in the harmoni damp-
ing no matter where we dene suh a boundary.
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FIG. 9: Projeted DOS onto a representative seletion of the
vibrational modes of the devie region that has a large overlap
with the added (Chain+Base) region.
In Fig. 10 we present the Q-fator, spatial loalization
and peak energy of all modes for hains with 3-7 atoms
between (100) surfaes. These are the main result of
this artile. Table I shows the same information in an
7alternative form. We now proeed to an analysis of these
results.
The ABL modes are of speial interest. These
modes have been identied by previous theoretial
and experimental studies as the primary satterers of
eletrons
12,28,29,30,32,33,47
. The ABL modes are easily
identied in Fig. 10 sine they have the highest energy
of the modes that are spatially loalized to the entral
hain (blak or dark gray on the gure). Modes orre-
sponding to transverse motion of the entral hain are
also learly visible. These modes are energetially and
spatially loalized, but are of limited interest beause of
a low eletron-phonon oupling.
Certain ABL modes are very long-lived. At low strains,
ABL modes lie outside the bulk (and surfae) band and
have, in our harmoni approximation, an innite Q-
fator. In reality the Q-fator will be limited by eletron-
phonon and anharmoni interations. At higher strain
the ABL modes move inside the bulk band and one ob-
serves a great variation in the orresponding Q-fators.
When the peak energy lies inside the bulk band there ex-
ists modes in the bulk with the same energy and it will
mostly be the struture of the onnetion between the
bulk rystal and the hain that determines the width of
the peak.
The long hains tend to have longer lived ABL/LO
modes due to the larger ratio between the size of the
Central Chain and the size of its boundary. The 7-atom
hain is espeially interesting sine it has an ABL/LO
type mode with a damping of 5 meV at one strain, while
at another strain the ABL/LO mode has a damping of
300 meV, i.e., more than one order-of-magnitude varia-
tion in the harmoni damping of the primary satterer
of eletrons due to only a 0.03 Å hange in the average
bond length!
The largest damping of an ABL-mode for these sys-
tems is γλ ≈ 1 meV, whih is still signiantly lower
than the ≈ 20 meV band width. This an be attributed
to fat, noted above, that there always exists a large mis-
math in loal energies moving from the entral part of
the hain to the rest of the system (see Fig. 7).
Previous studies by Frederiksen et al.
31
obtained
a rough estimate for the variation of the non-
eletroni(harmoni and anharmoni) damping of 5-
50 µeV for the longer hains by tting the experimen-
tal IETS signals of Agraït et al.
11
to a model alula-
tion. The estimated peak energies lie well within the
bulk band for all the reorded signals. The reason the
non-eletroni damping rate an be extrated is beause
the exitation of vibrations and damping of vibrations
through eletron-hole reation are both proportional to
the strength of the eletron-phonon oupling. This means
that the step in the experimental ondutane, when the
bias reahes the phonon energy, an be used to estimate
strength of the eletron-phonon interation and thereby
the eletron-hole pair damping. The slope in the on-
dutane beyond this step an then be used to extrat
the total damping. By subtrating the eletron-hole pair
damping from the total damping we get an estimate of
the sum of the sum of harmoni and anharmoni ontri-
butions to the damping.
The estimate in Ref. [31℄ agrees well with our lowest
damping of 5 µeV. The highest damping we have found
was ≈ 400 µeV found for the 6 atom hain whih is an
order of magnitude larger than the upper limit of Ref.
[31℄. We believe that this disrepany an be largely at-
tributed to the diulty in extrating the neessary pa-
rameters from experiments when the harmoni damping
is large. Furthermore, for the 6-7 atom hains we ob-
serve that the high damping ours at low strain, where
the eletron-phonon oupling is weak
11
.
Chain Qλ γλ(µeV) τλ(ps)
3(100) 3-7 800-1200 0.5-0.8
4(100) 5-30 100-900 0.7-7
5(100) 10-40 200-500 1.3-3
6(100) 15-80 90-400 1.6-7
7(100) 40-1500 5-300 2-130
5(111)(symmetri) 15-80 40-400 1.6-16
5(111)(asymmetri) 10-100 40-800 0.8-16
TABLE I: The variation of the Qλ, γλ and τλ of the ABL/LO-
modes. For Chains with 3-7 between (100) surfaes and for
Chains with 5 atoms between (111) surfaes but with slightly
dierent Bases. The strains where the peak energy of the
ABL/LO-mode falls lose to or outside the bulk band edge
have been disregarded.
There are two main dierenes between the (100) and
the (111) systems. The rst dierene is that the (111)-
systems have ABL/LO-modes that are more long-lived
ompared to the (100)-systems (see Table I and Fig. 11).
The seond dierene is the behavior of the loalized
modes lose to the band edge (See Fig. 11). The modes
with energies outside the bulk band in the (111) systems
are less spatially loalized ompared to the (100) ase.
At low strain, the (111)-hain have ABL/LO-modes ex-
tending further into the Base and Surfae than the (100)-
hain.
There are ertain general features of how the damping
evolves with strain that are easily understood. Modes
with peak energies in the range 16 − 19 meV in generel
have a very high damping while those in the range
14 − 16 meV have very low damping. This orrelates
well with the bulk DOS for gold (see e.g. Ref. [39℄).
The optial peak in the bulk DOS orresponds to strong
damping while the gap between optial and aoustial
modes orrespond the the range of low damping.
To sum up, loalized modes our at low strain where
the bonds in the hain are very strong, and give rise to
frequenies lose to or outside the bulk band edge. Inside
the bulk band strong loalization is still possible for the
long hains, espeially the 7-atom hain. This requires,
however, that the oupling between the Central Chain
and the surfae is weak at the typial frequeny of the
ABL/LO mode due to the struture of the onnetion.
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FIG. 10: The vibrational modes for hains with 3-7 atoms be-
tween two 100-surfa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enter of the disks are positioned
at the peak of the projetion of vibrational DOS on the mode
in question. The area of a disk is proportional to the Qλ, but
is limited to what orresponds to a Q-fator of 250. he gray
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FIG. 11: The vibrational modes for 5 atom hains between
two (111) surfaes. [Top℄ Symmetri pyramids. [Bottom℄
Asymmetri pyramids (one atom added to one of the pyra-
mids). The area of a disk is proportional to the Qλ, but is
limited to what orresponds to a Q-fator of 250. The gray
level, that ranges from light gray to blak in 4 steps signies
that sλ ∈ [0, 2[(light gray), [2, 4[, [4, 6[, [6, 8[ or [8,∞[(blak).
The behavior depends strongly on the detailed struture
of the base and the state of strain, but some general
features an be related to the the bulk DOS.
IV. CONCLUSION AND DISCUSSION
We have presented a study of the harmoni damp-
ing of vibrational modes in gold hains using a method
that uses ab-initio parameters for the hains and em-
pirial parameters for the leads. We have foused on the
ABL/LO modes that interat strongly with eletrons and
are thereby experimentally aessible through IV spe-
trosopy. We provide an estimates for the damping of
ABL/LO-modes from ab-initio alulations as a funtion
of strain for a wide range of gold hain systems. The al-
ulations of the ABL-phonon damping rates agree well
with earlier estimates, found by tting a model to exper-
imental inelasti signals
11,32
.
We have found the that the values of the harmoni
damping for the ABL modes an vary by over an order
of magnitude with strain. Even with small variations in
the strain, the harmoni damping an exhibit this strong
variation. This extreme sensitivity may explain the large
variations seen experimentally in dierent hains.
The range of the harmoni damping also depends
9strongly on the number of atoms in the hain sine we
see a lear inrease in loalization going from a 6- to a
7-atom hain. The hain with 7 atoms really stands out,
sine it, in addition to having very loalized modes in
generel, it also has the greatest variation in harmoni
damping. This strong variation in the harmoni damp-
ing of the ABL/LO-modes, that depends on the details
of the struture, suggest that aurate atomisti alula-
tions of the vibrational struture is neessary to predit
the inelasti signal.
All types of hains were found to have ABL/LO-modes
tha lie outside the bulk phonon band at low strain. These
modes are expeted to have very long life-times sine
the harmoni damping is zero. Signatures of the rather
abrupt hange in the damping of the ABL/LO-modes
when strained have not been disussed in experimental
literature so far. We believe this is due to the om-
mon experimental tehniques for produing these hains
heavily favor strained hains. The ABL/LO-mode life-
time may be set by the oupling to the eletroni system
(eletron-hole pair damping). Indeed, even inside the
bulk band the eletron-hole pair damping an be of the
same order as the harmoni damping. For example, a
γλ eh ≈ 50 − 80 µeV was found for a 4-atom30 and a 7-
atom
31
hain, whih we an ompare with 100− 900 µeV
and 5−300µeV found above for the harmoni vibrational
damping. Thus the damping an in ertain ases be dom-
inated by the eletron-hole pair damping for frequenies
even inside the bulk band.
Finally we nd a dierene in the the damping of
ABL/LO modes in hains between (100)- and (111)-
surfaes. For the investigated 5-atom hains there is both
a marked dierene in the strength of damping and in the
variation of the damping with strain. It might be possible
to distinguish between (100) and (111) pyramids exper-
imentally due to this dierene. The ABL/LO modes
will have strong oupling to the bulk at ertain ener-
gies, harateristi of the pyramid type. This in turn,
results in broadening/splitting of the modes depending
on whether the harateristi energies are inside or out-
side the bulk band. This broadening/splitting would be
detetable in the IV -urve sine it is related to the har-
ateristis of the ondutane step at the peak energy
of the vibrational mode. Finding IV -urves at dierent
strains ould thereby serve as a ngerprint of the spei
way the hain is onneted to the surroundings. Hihath
et al. have demonstrated that suh measurements are in-
deed possible on a single-moleule ontat
47
.
The tehniques used in this paper an be ombined
with eletroni transport alulations to predit the in-
elasti signal in the IV harateristi of a system. This
will be done in future work, where we will also elimi-
nate the use of the empirial model for the leads and use
ab-initio parameters for the entire system.
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APPENDIX A: CONSTRUCTING THE
DYNAMICAL MATRIX
In this subsetion the details of how we onstruted
the dynamial matrix are presented. The dynamial ma-
trix must be symmetri and obey momentum onserva-
tion. Momentum onservation, in this ontext, means
that when an atom is displaed the fore on the dis-
plaed atom equals minus the total fore on all other
atoms. We ensure momentum onservation by setting
the on-site 3 × 3 matrix to minus the sum of the fore
onstant oupling matries to all the other atoms. This
method for regularizing the dynamial matrix was previ-
ously used by Frederiksen et al.
31
, and generally improves
on the errors introdued in the total energy when displa-
ing atoms relative to the underlying omputational grid
(the DFT egg-box eet). We alulate o-diagonal ou-
pling part of the fore onstant matrix was alulated
with a nite dierene sheme using a displaement, Z,
of 0.02 Å in the x,y and z diretions for all atoms in the
Chain and Base.
To improve the auray further, the fores were al-
ulated for both positive and negative displaement. If
i and j are degrees of freedom situated inside the DFT
region we therefore perform 4 independent alulations
of Kij = Kji, sine K is a symmetri matrix. In the
end we use the average of the fore onstant from these
4 alulations
Kij =
~
2
√
mimj
(
Fij+
Z
+
Fji+
Z
− Fij−
Z
− Fji−
Z
)/4 ,
where e.g. Fij+ denotes the fore on i due to a positive
displaement of j. If i is inside the DFT region and j is
not, the oupling is alulated as an average of 2 fore
onstants
Kij =
~
2
√
mimj
(
Fji+
Z
− Fji−
Z
)/2 .
If an atom was lose to a periodi image of another
atom (less than half the unit ell length in any diretion)
the fore between these atoms was set to zero to avoid
artifats of the periodi alulational setup. The empiri-
al model was used to alulate the oupling between the
surfae atoms. After all oupling elements were found
the on-site elements were alulated for the system as a
whole.
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APPENDIX B: CONVERGENCE
1. Convergene Parameters
In the alulations there are several onvergene pa-
rameters, and here we provide an overview.
There are three important length-sales in the alu-
lations: L1,L2 and L3. We assume that when two atoms
are further apart than L1, the oupling elements between
them vanishes. L2 is the orrelation length for proper-
ties that do not have an energy-dependene, like fores,
equilibrium positions and total energies, while L3 is the
assumed orrelation length for properties that do have
an energy-dependene, like the surfae Green's funtion,
vibrational DOS et. L3 always needs to be larger than
L2, L3 > L2, but the spei size needed depends on
the required energy resolution. L2 determines the k-
point sampling used in the DFT-alulations and L3 the
k-point sampling used in the alulation of the surfae
Green's funtion. In eah ase the number of k-points
used one diretion is hosen to be the smallest integer,
i, suh that i > L
a
) where a is the size of the alula-
tional ell in that diretion. The DFT k-point sampling
used is dense enough to ensure that L2 > 23 Å for all
alulations.
In the alulation of the Green's funtions we intro-
dued a nite artiial broadening. This broadening, η,
was divided into a small broadening of the devie region,
ηC , and a large broadening for the leads, ηL. The rea-
soning behind this is that the density of states is muh
more smooth in the bulk-like regions far away from the
hain. A large ηL has the advantage that it redues the
need for k-point sampling drastially. Without a small
ηC we would not be able to disover very sharp peaks
in the DOS. To reliably nd the modes of the system it
is also important that the energy spaing, ∆E is on the
same level or smaller than ηC .
The artiial broadening limits how large life-times we
an resolve. This is why we in the following write the
upper limit to the life-time introdued by the artiial
broadening.
A nal onvergene parameter is the position of the in-
terfae between DFT and empirial model parameters for
the dynamial matrix. This is a very important param-
eter sine the error introdued by having this interfae
relatively lose to the hain is what limits the preision
of the alulations.
2. Test of Convergene
Next we present the tests that have been arried out to
ensure that the alulations in this artile are suiently
onverged. The onvergene for the SIESTA basis set
and the size of the nite displaement used in the nite
dierene alulations was already tested for the same
type of systems by Frederiksen et al.
31
.
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FIG. 12: Modes of the devie region with a dierent DFT/EM
interfae. The label designate the region treated with DFT,
where the 'Added' region is the one used in the main part
of the alulations and 'All' is fully ab-initio. See Fig. 11 to
see what the olor and size signify. On this plot modes with
sλ ∈ [0, 2[ are suppressed.
So here we rst examine the onvergene of the DFT
alulations of the dynamial matrix. A alulation for
a 4 atom hain between (100)-surfae was done with im-
proved values for the important DFT onvergene param-
eters. The mesh uto was inreased from 150 to 200 Ry,
and the k-point sampling was inreased from 2 × 3 to
3×4. For this hange in parameter we obtained a max-
imal dierene of 0.2 meV, when omparing the square
root of the sorted array of eigenvalues of the dynamial
matrix. This is a negligible size sine the average value
of the eigenvalues is about 10 meV. The k-point sampling
in the DFT alulations proved ruial for the struture
of the strained systems, sine gamma-point alulations
resulted in dierent strutures (dierent bonds weakened
at high strain) with very large life-times.
The perturbation length used in our alulations was
L1 = 4.08Å, whih is the same as next-nearest neighbor
distane. The magnitude of any next-nearest-neighbor
oupling matrix, dened as |X| =
√∑
ij X
2
ij was never
larger than 15% ompared to the magnitude of any
nearest-neighbors oupling matrix. The error introdued
by this trunation is smaller than the one introdued by
using the empirial model for the dynamial matrix.
For the alulation of the DOS we gradually im-
proved L3, ηL and ηC and found that the DOS was
onverged using ∆E = 10 µeV, ηL = 100 µeV(7 ps),
ηC = 10 µeV(70 ps) and L2 = 200 Å(68×68 k-points)
exept in one alulation for the 7 atom hain we needed
the life-time of one very sharp peak. This required a bet-
ter resolution using ∆E = 1 µeV, ηL = 10 µeV(70 ps),
ηC = 1 µeV(700 ps) and L2 = 400 Å (136×136 k-points).
Finally, we have onsidered how muh the interfae be-
tween the DFT parameters and the empirial parameters
aet our results. In Fig. 12 we show a study where we
vary the position of this interfae. We nd that our al-
ulation of the Q-fator and the spaial loalization is
onverged to about the rst signiant digit for modes
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FIG. 13: Example ReD and n(ǫ), dashed and solid line re-
spetively, for a Green's funtion with two poles at 1 and 2
with a 0.1 broadening. We see that the values where the real
part is zero only orrespond to peaks in the density if the
slope positive.
that are spatially loalized to the Central Chain. We
judge that this is what mainly sets the limit of auray
of in our alulations.
APPENDIX C: DEFINITION OF THE MODES
FOR AN OPEN SYSTEM
The starting point is the modes of a losed system,
namely, the eigenmodes of K. The most important re-
quirement, for the detion of modes in the ase of the
open system, is that these modes beome the modes of
the isolated system in the limit of zero oupling between
the devie region and the leads.
The following denition fullls this ondition. A
'mode' is dened as a (omplex) eigenvetor uλ of
MDD(ǫ
∗) (and DDD(ǫ
∗)) that fullls,
Re{u†λDDD(ǫ∗)uλ} = 0 , (C1)
and
∂
∂ǫ
Re{u†λDDD(ǫ)uλ}|ǫ=ǫ∗ > 0 (C2)
for some energy, ǫ∗, orresponding to a peak in DOS.
An illustration of these two onditions is given in
Fig. 13. In pratie, the modes are found from the num-
ber of positive eigenvalues of DDD evaluated at eah
point of our energy-grid. If this number inreases be-
tween two suessive energies, ǫ and ǫ + ∆ǫ, the eigen-
modes at these two energies are mathed up. The eigen-
mode orresponding to the eigenvalue that hanges sign
is then identied as a mode of the open system.
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